ABSTRACT:
INTRODUCTION
The human Philadelphia chromosome (Ph) is present in over 95% of CML cases [1] , and arises from a reciprocal translocation between chromosome 9 and 22, resulting in the formation of the chimeric BCR-ABL oncogene. BCR-ABL encodes a constitutively activated, oncogenic tyrosine kinase [2] . The BCR-ABL kinase inhibitor imatinib induces a complete hematologic and cytogenetic response in the majority of CML patients [3] , but is unable to completely eradicate BCR-ABL-expressing leukemic cells, suggesting that LSCs are not eliminated. Over time, patients can become drug resistant and develop progressive disease despite continued treatment [4] [5] [6] .
LSCs in many types of hematologic malignancies are believed to be a cell population required for initiating and sustaining growth of the leukemia [7] [8] [9] [10] [11] [12] [13] . In CML patients, bone marrow CD34 + Lin -cells, in which normal hematopoietic stem cells (HSCs) reside, are thought to contain CML stem cells and be responsible for disease initiation, progression and resistance to imatinib [14, 15] . Several clinical reports have confirmed that disease relapse occurred in CML patients who had achieved complete molecular response after imtainib treatment but discontinued the therapy [16, 17] . These results indicate that for some reasons, LSCs find ways to survive the treatment by BCR-ABL kinase inhibitors.
LSCs in CML are insensitive to inhibition by BCR-ABL kinase inhibitors
A study showed that a quiescent cell population in LSCs (Lin-CD34+) from CML patients was resistant to imatinib [14] , suggesting that LSCs are insensitive to a BCR-ABL kinase inhibitor. To support this idea, two second-generation BCR-ABL kinase inhibitors, dasatinib and nilotinib, were used to treat LSCs in vitro. Dasatinib is a dual Src/ BCR-ABL kinase inhibitor and exhibits a much greater potency than imatinib [18] . Although dasatinib led to significant inhibition of BCR-ABL kinase activity, the most primitive quiescent CML LSCs (Lin-CD34+CD38-) were resistant to dasatinib treatment [19] . Similarly, nilotinib with a potency which is 20-fold higher than imatinib could not induce apoptosis of LSCs [20] . In CML mice treated with imatinib or dasatinib, we showed that although these two drugs dramatically prolonged survival of CML mice, all diseased mice eventually died of CML due to the failure of imatinib and dasatinib to eradicate LSCs [21] . New genes with therapeutic potential are needed to be identified for targeting LSCs.
Role of Pten in LSCs
To identify genes that are differentially regulated by BCR-ABL in LSCs, we compared the global gene expression between normal hematopoietic stem cells (HSCs) and LSCs by conducting a DNA microarray analysis [22] . We found that Pten is significantly downregulated by BCR-ABL [23] . Because Pten is often deleted or inactivated in many human cancers, including glioblastoma [24] , endometrial carcinoma [25] , and lymphoid malignancies [26] , we decided to test whether Pten also functions as a tumor suppressor in survival of LSCs and CML development. We first assessed whether genetic deletion of Pten facilitates CML development by using Pten conditional knockout mice (Pten fl/fl ) as donor mice in our retroviral transduction/ transplantation mouse model of CML. In so doing, bone marrow cells of Pten fl/fl mice were transduced with BCR-ABL-iCre-GFP retrovirus or BCR-ABL-GFP retrovirus (as a control), followed by transplantation of the transduced cells into lethal irradiated recipient mice. Mice receiving donor cells transduced with BCR-ABL-iCre-GFP developed CML much faster that mice receiving donor cells transduced with BCR-ABL-GFP, with a higher percentage of myeloid leukemia cells and more severe infiltration of leukemia cells in the lungs. To confirm the role of Pten in CML, we examined whether overexpression of Pten causes a delay of CML development. We induced CML in mice with BCR-ABL-Pten-GFP or BCR-ABL-GFP, and found that CML development was significantly slower when Pten was overexpressed. Pten overexpression caused cell cycle arrest and increased apoptosis of leukemia cells. Next, we examined whether Pten suppresses LSCs. To do so, we compared the percentages of LSCs with and without ectopically expressed Pten, and found that Pten overexpression caused a decrease in the percentage of bone marrow LSCs, suggesting that Pten has an inhibitory effect on LSCs. To support this observation, we sorted LSCs from mice with CML induced by BCR-ABL-Pten-GFP or BCR-ABL-GFP, followed by transplantation of these LSCs into secondary recipients. We found that Pten overexpression reduced the ability of LSCs to induce CML [27] . Because mTOR is hyperactived or upregulated when Pten is mutated or deteleted in human cancers [28] , we treated LSCs from CML mice or human CML cell line K562 in vitro with rapamycin, a mTOR inhibitor, and found that rapamycin induced apoptosis of these cells, suggesting that a blockade of the mTOR pathway may help to inhibit LSCs and CML development.
Potential mechanisms of Pten in LSCs
Although Pten is intensively studied in solid tumors and T cell-acute lymphoid leukemia (T-ALL) [29] [30] [31] [32] , little is known about Pten in CML until we show that Pten inhibits LSCs and CML development [27] . This result is supported by a clinical study which compared globe gene expression between normal CD34+ HSCs and CD34+ subsets from six patients with chronic phase CML. Besides the changes of gene expression for several adhesion molecules, transcription factors, cell cycle and stem cell fate regulators, Pten was also downregulated [33] . Another study showed that the gene expression profiles of mononuclear cells from CML patients who achieved complete cytogenetic response after imatinib treatment also indicated the Pten downregulation [34] . However, the mechanisms of Pten regulation of LSC function in CML need to be investigated. We noticed that the level of phosphorlated-Akt (p-Akt) was significantly lower in leukemia cells from CML mice when Pten was overexpressed [27] , suggesting that p-Akt is a critical player of the Pten pathway. This idea is supported by our finding that induction of B-cell acute lymphoblastic leukemia (B-ALL) in mice was largely compromised when Akt1 was absent, as shown by the prolonged survival of recipients of BCR-ABL transduced Akt-deficient bone marrow cells mice [27] . The involvement of Akt1 in cancer has been shown in endometrium tumor, prostate cancer, thyroid tumor, adrenal medulla tumors and intestinal polyps in Pten+/-mice [35] . However, the roles of the Akt family members (Akt1, Akt2 and Akt3) in CML need to be studied further in the future. We have shown that expression of the Alox5 gene is upregulated by BCR-ABL in CML LSCs [36] , and it has been reported that Alox5 activates p-Akt through oxidation and inhibition of Pten [37] . The functional relationship between Pten and Alox5 needs to be studied.
When Pten is specifically deleted in mouse hematopoietic cells, the mice develop acute myeloid leukemia (AML) and acute lymphoid leukemia, and all mice died within 4 weeks [38, 39] . LSCs in these mice are highly enriched in Lin-Sca1+cKit+Flk2-CD48-population [38] . A blockade of differentiation from LT-HSC (Lin-Sca1+cKit+Flk2-) to ST-HSC (Lin-Sca1+cKit+Flk2+) was also found in Pten deficient mice, causing an eventual exhaustion of LT-HSC [39] . Increased percentage of S+G2M dividing HSCs was observed in Pten deficient mice, indicating that Pten functions as a molecular switch governing the G0-G1 transition between the quiescent and activated states of LT-HSCs to maintain normal HSCs pool [39] . The role of Pten in cell cycle control is consistent with our result that Pten expression induces cell cycle arrest in BCR-ABL expressing leukemia cells [27] . In addition, cyclin D1 is a well known target of the PI3K-Akt pathway [40] , maintaining cells at G1 stage in preparation for G1/S phase transition. In Pten deficient AML mice, a high number of cyclin D1-expressing cells were detected in bone marrow, suggesting that cyclin D1 is downstream of Pten in cell cycle regulation of HSCs. Thus, the role of cyclin D1 in cell cycle regulation of LSCs in CML requires further investigation. Furthermore, after rapamycin administration, LSCs were depleted and normal HSCs restored in Pten-deficient AML mice [39] , indicating that Pten maintains normal HSCs pool and suppresses LSCs through mTOR. It has been reported that PML (promyelocytic leukemia protein) plays a role in normal HSCs and BCR-ABL transduced quiescent LSCs, facilitating leukemia initiation and maintenance [41] . Pml deficiency promoted transition of LSCs from quiescent to activated stage and Pml-/-LSCs finally failed to initiate CML disease contrary to wild type LSCs after serial transplantation. As PML is a repressor of mTOR, inhibition of mTOR with rapamycin restored Pml-/-HSCs and the longterm reconstitution functions of LSCs. Another Pten conditional deletion mouse model demonstrated that Pten partial deletion in mouse fetal liver HSCs and their differentiated progeny led to a myeloidprliferative disorder, followed by actue T-lymphoblastic leukemia (T-ALL) [42] . In this study, the Pten deficient Lin-c-Kit mid CD3+ population was shown to be the T-ALL LSCs through a serial transplantation assay. Interestingly, ablation of one allele of β-catenin significantly delayed the occurrence of acute leukemia. We and others have also shown that β-catenin plays a key role in maintaining LSCs in CML [43, 44] and AML [45] .
Taken together, these results allow us to draw a picture connecting Pten with other key pathways involved in survival and proliferation of LSCs, including β-catenin, p53, Alox5, PI3K/Akt/mTOR pathways ( Figure 1 ). These pathways are disturbed in CML, AML and other malignancies, and targeting of the pathways may be beneficial to patients. In LSCs, BCR-ABL activates multiple signaling pathways that are normally activated by a receptor tyrosine kinase (RTK). In particular, the PI3K and Wnt/ β-catenin pathways are critically involved. The novel Alox5 pathway we identified plays a specific role in LSCs but not normal HSCs (see the text for detail), and this pathway may interacts with the tumor suppressor gene Pten. The functional relationship between Alox5 and Pten is an important research topic that needs to be studied further.
